found that inflation of the lungs with moderate pressures resulted in an increase in heart rate. A similar response from either static lung inflation or an increase in the rate and depth of breathing has subsequently been described by other investigators (10, 13, 20, 22).
However when Glick, Wechsler, and Epstein (17) inflated a lung in dogs which had a cardiopulmonary bypass, they always obtained bradycardia, a negative inotropic response of the right and left ventricles, and systemic vasodilation; they never obtained an increase in heart rate. Other investigators have also described vasodilation resulting from lung inflation (11, 12, 16) . Although bradycardia and vasodilation can occur *at the same time (17), it is not known whether vasodilation also accompanies tachycardia when it occurs.
The divergent results obtained in the earlier studies suggest that the cardiovascular responses to lung inflation may be determined by the experimental techniques used.
This study was undertaken to determine the reflex responses likely to occur under relatively normal conditions when a lung is inflated with pressures within the physiological range and then to define the circumstances under which the reflex activity of the lung may be changed.
METHODS

All experiments
were performed on dogs (weight 14-24 kg) anesthetized with 100 mg/kg chloralose dissolved in polyethylene glycol (100 rng chloralose/rnl polyethylene glycol). Further doses (1 O-20 rng/kg) were given as required to maintain a steady state of light anesthesia. To permit independent inflation of each lung, a tracheal divider (Kottrneier endobronchial canine tube, Riisch, W. Germany) was inserted through a tracheotomy incision and placed so that each limb lay in each main bronchus.
An inflatable cuff at the lower end of the divider effectively separated air flow in the two main bronchi.
One lung at a time was inflated with air from a compressed air source, the pressure of which was set by placing an overflow tube under water to the appropriate depth. Because of the anatomy of the dog's tracheobronchial tree, it was not possible to obtain a completely air-tight seal of the tracheal divider with the tracheal bifurcation without obstructing the upper lobe bronchi, and at high inflation pressures some air leaked back up the trachea. This it was necessary to preserve vagal afferents from it and vagal efferents to the heart, the right vagus nerve was not cut and the baroreceptors at the right subclavian angle (23) were denervated by cutting the right aortic nerve at its junction with the superior laryngeal nerve (15). The aortic nerve was distinctly seen at the superior laryngeal-vagal junction in four out of the seven dogs. In the remaining three dogs a distinct aortic nerve was not seen, so the tissue in the angle between the superior laryngeal nerve and the vagus nerve was cut and the superior laryngeal nerve was dissected away from the vagus for about 0.5 cm. The left cervical vagosympathetic trunk was cut; this procedure interrupts both the left aortic nerve and the afferent nerves from the left lung. The activity of the carotid sinus baroreceptors was controlled by perfusing the distal ends of the common carotid arteries at constant nonpulsatile pressure with blood obtained from the proximal end of one of the carotid arteries (5). Carotid sinus pressure was measured using a cannula inserted through a lingual artery.
The completeness of the denervation of the aortic baroreceptors was inferred from the fact that aortic chemoreceptors were no longer active; injections of 100 pug of nicotine bitartrate or 500 ,ug sodium cyanide into the right atrium did not cause respiratory or heart rate responses until at least 15 s after injection when nicotine or cyanide reached the carotid bodies through delay paths. Vasomotor responses were assessed by measuring perfusion pressure changes in a hindlimb perfused through the femoral artery by a Sarns roller pump at constant flow using blood obtained from a common carotid artery. To prevent changes in perfusion pressure occurring as a result of changes in blood flow along collateral vessels as systemic arterial pressure changed, a cuffed catheter was passed up a femoral artery to the aortic bifurcation and was distended with 2 ml saline. With the balloon distended and the limb perfusion pump stopped, the pressure in the femoral artery rapidly fell to below 20 mm Hg, indicating the absence of significant anastomoses with the systemic circulation.
Lung Ir$btion in Open-Chest Dogs
In this group of experiments the chest was opened widely in the 5th left intercostal space and the responses were tested to inflating the lungs with different pressures.
In some of these animals the effects were tested on the responses to lung inflation of occluding the pulmonary artery supplying the inflated lung either by ligature or by inflating a balloon on the end of a transvenous catheter.
Lung Perfusion
With the chest open in the 5th left intercostal space, the left pulmonary artery was perfused at constant flow by a Harvard pulsatile pump using heparinized blood obtained from a donor dog. The blood leaving the perfused lung was collected and returned to the pump either from cannulas tied in the pulmonary veins (3 dogs) or by tying the pulmonary vein-atria1 junctions, cutting the pulmonary veins to allow pulmonary venous blood to flow into the thoracic cavity, and then draining the blood into a reservoir (11 dogs). In two dogs in which the pulmonary veins had been cannulated, the chest was closed in layers around the can- The typical response to inflation of the lung with moderate pressures was an increase in heart rate ( Fig. 1) . In 28 lungs in 14 dogs, tachycardia was obtained at one or more inflation pressures; in one dog inflation of either lung to any pressure consistently resulted in bradycardia.
There was usually a small fall in arterial blood pressure which was greater at higher inflation pressures. In 6 doqs, 10 lungs were inflated with lo-30 cm Hz0 before and af;er opening the chest widely in the 5th left intercostal space. There was no significant difference in the heart rate responses obtained with the chest open from those obtained with the chest closed. There was usually a slightly larger fall in arterial blood pressure in the open-chest experiments (Table 2) .
In nine doqs, the effects were determined of occluding the left pulmon&y artery on the responses to inflating that lung. The left pulmonary artery was occluded in four dogs by a ligature and in two dogs by inflating a balloon on the end of a long transvenous catheter. Tachycardia occurred in response to lun, u inflation in both dogs in which the pulmonary artery was occluded by balloon and in two of the dogs in which it was occluded by a ligature. In these experiments heart rate increased by an aveiage of + 19 beats/min (range, +9 to +23) f rom an average control value of 132 beats/mill (range 115-150). Mean arterial pressure changed 
Rate, beats/min ---.
- The responses were not related to a rise in pulmonary artery perfusion pressure because in four experiments when left pulmonary artery perfusion pressure was changed in a single step from 15 cm Hz0 (range 7-25) to 77 cm Hz0 (range 68-88) by changing the rate of the perfusion pump, heart rate never changed by more than 6 beats/min (avg change, +0.5 beats/'min) and systemic arterial blood pressure never changed by more than 4 mm Hg (avg change 0). In Fig. 6 the absence of a response when pulmonary artery flow was changed is contrasted with the bradycardia and hypotension occurring during lung inflation. The bradvcardia and hypotcnsion resulting from inflation of the perfused lung no longer occurred after steam had been added to the air inflating that lung for three breaths (Table 4) .
In two of the dogs the chest was closed around the perfusion cannulas and spontaneous breathing resumed. Infla- There can be no doubt that positive pressure inflation of a lung alters the afferent nervous activity from that lung. However the observed reflex responses may not necessarily be solely due to this change in nervous activity because there were several other concomitant changes in the circulation:
I) during the period of reflex apnea during lung inflation, there was a change in arterial blood Pan, Pco~, and pH.
2) The rise of intrathoracic pressure during positive-pressure lung inflation is known to impede venous return to the heart and thereby lower cardiac output and arterial pressure. Only one lung was inflated at a time in an attempt to minimize this effect, but nevertheless some obstruction to blood flow is likely to have occurred, particularly at the higher inflation pressures. 3) In those experiments in which arterial blood pressure fell during inflation, there would have been a changed stimulus to arterial baroreceptors.
4) Lung inflation may also cause a changed stimulus to nerves ending in the heart and great vessels.
The effects of a changed stimulus to chemoreceptors are likely to be small because the time courses of the responses to inflation and the changes in blood gas and pH are different. The maximum change in heart rate occurred within 5 s of the onset of inflation, whereas changes in blood gas and pH were insignificant up to this time and remained small for 15 s after onset of inflation.
Since no measurements were made from records after 15 s of inflation, it is unlikely that chemoreceptors made a significant contribution to the responses. Chemoreceptors cannot have influenced responses at all in experiments with cut aortic nerves and perfused carotid arteries (shown by injection into the right atrium of nicotine or cyanide) or in the perfused lung experiments in which ventilation of the normally perfused lung continued unchanged during inflation of the artificially perfused lung.
The experiments which are most vulnerable to criticism are those in which a lung was inflated in dogs with closed chests and baroreceptors not controlled. In these experiments arterial blood pressure usually fell, and there must have been a considerable change in the stimulus to many cardiovascular nerve receptors. However in some experiments in which heart rate increased arterial pressure did not fall and sometimes it even increased. Also steam inhalation, which denervates only the lungs (18), was effective in preventing tachycardia from occurring during lung inflation. Nevertheless, the possibility that in some experiments there may have been some secondary effects due to circulatory obstruction cannot be ruled out, and for this reason the series of experiments was done in which the input from arterial baroreceptors was held constant. The results in these experiments of inflating a lung with moderate pressures were essentially similar to those obtained in experiments without baroreceptor control. However, the re-sponses to hyperinflation in preparations in which the baroreceptors were controlled were different in that a profound fall in heart rate then occurred.
The other possible complicating factor to be considered is that a change in the stimulus to nerves ending in other intrathoracic sites may have affected the responses. It is difficult to control the input from nerves ending in the heart and great vessels. Maintaining constant pressures in all these areas, even if it were possible without altering the reflex activity of the lungs, would not ensure that afferent nerve activity remained constant because, during lung inflation, many nerves may have an increased afferent discharge due to distortion, even when there is a lower distending pressure due to impaired filling. For example, an increased discharge in a left atria1 receptor during lung inflation is illustrated in an earlier paper (18). The technique of steam inhalation was used to show that responses arose from stimulation of nerves ending in the lungs and not elsewhere in the thorax. This technique has been shown not to affect nerves ending elsewhere than the lungs, so the fact that responses to -inflation were abolished following steam implies that responses from the heart and great vessels cannot have made a major contribution to the overall changes. Steam inhalation is a much more useful localizing procedure than nerve section because it would completely denervate the lung including receptors with afferent fibers which run in the sympathetic nerves as well as the vagi (21). Also if it is desired to cut the vagal branches to lungs and not the heart, a deep dissection is required to identify the pulmonary nerves as they run over the trachea and bronchi.
Some nerves may be missed, some cardiac nerves may be damaged, and deep dissections in the thorax may modify the reflex responses from the lungs.
It is likely that the decrease in heart rate in all these experiments was a direct reflex response to lung inflation It certainly could not have been due to increased baroreceptor stimulation.
In experiments in which the response to inflation changed from an increase to a decrease in heart rate, it is unlikely that the stimulus to receptors outside the lungs would be different. 141so the responses were abolished after steam was inhaled by the lung.
In the perfused lung experiments the fall in arterial blood pressure was also a reflex effect because circulatory obstruction is unlikely in these experiments and this fall in pressure, unlike the hypotension in the closed chest dogs, did not occur after steam inhalation.
In the preparations in which vasomotor responses were studied, the input from arterial baroreceptors was controlled. The limb was isolated by inflating a balloon in the aorta near the bifurcation.
This balloon effectively obstructed the flow of blood into the common iliac and median sacral arteries. The absence of significant collateral flow to the perfused limb was seen by the rapid fall in arterial pressure when the perfusion pump was stopped. blood from a different dog. The change in the response was not revcrscd in the two dogs in which the chest was closed after connecting the perfusion circuit and spontaneous breathing resumed. It is known that the reflex activity of the lung is altered when the lung is congested or edematous, resulting in rapid shallow breathing (7, 19). Congestion, pneumothorax, and microembolism increase the activity of "irritant" receptors (23, 28), and the activity of some lung receptors also can be modified by inhalation of some anesthetics agents (9, 28). It is conceivable, in the present study, that the reflex activity of artificially perfused lungs could be altered in this way, but the changes which followed a single, short inflation to 40 cm Hz0 require a different explanation.
It is well known that a deep breath temporarily increases the compliance of the lungs (3), so inflation with 20 cm Hz0 after hyperinflation might produce a similar distension to that previously obtained at 40 cm Hz0 and induce the reflex responses usually occurring with the higher pressure. However, if the change in the response were simply the result of increased compliance, then inflation with even lower pressures should have resulted in an increase in heart rate. This was not so. A further possibility is that hyperinflation expands areas of atelectasis allowing stretch receptors in those areas to respond to inflation, and this might also reduce the effects of mechanical obstruction. However, these possibilities seem unlikely for several reasons: repeated inflation with 20 cm Hz0 should be sufficient to prevent areas of atclectasis from occurring. Inflation of a lung in which the areas of a telectasi s have been removed should result in qualitati vel y similar respon ses as when less of the lung is subjected to the same stimulus. Also, following hyperinflation there was a larger fall in arterial pressure in response to inflation with lower pressures. It is likely, therefore, that the change in the response is due to a change in the reflex activity of the lungs.
Relevance of Results to Preuious Studies
The 
